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We report a minimally invasive, synaptic transistor-based construct to monitor in vivo neuronal activity via a
longitudinal study in mice and use depolarization time from measured data to predict the onset of poly-
neuropathy. The synaptic transistor is a three-terminal device in which ionic coupling between pre- and post-
synaptic electrodes provides a framework for sensing low-power (sub pW) and high-bandwidth (0.1-0.5 kHz)
ionic currents. A validated first principles-based approach is discussed to demonstrate the significance of this
sensing framework and we introduce a metric, referred to as synaptic efficiency to quantify structural and
functional properties of the electrodes in sensing. The application of this framework for in vivo neuronal sensing
requires a post-synaptic electrode and its reference electrode and the tissue becomes the pre-synaptic signal. The
ionic coupling resembles axo-axonic junction and hence we refer to this framework as an ad hoc synaptic
junction. We demonstrate that this arrangement can be applied to measure excitability of sciatic nerves due to a
stimulation of the footpad in cohorts of m*/db and db/db mice for detecting loss in sensitivity and onset of
polyneuropathy. The signal attributes were subsequently integrated with machine learning-based framework to

identify the probability of polyneuropathy and to detect the onset of diabetic polyneuropathy.

1. Introduction

Neural membrane opens to allow positively charged ions inside the
cell and negatively charged ions out giving rise to action potential. As
part of the sequelae, the positive charge of the nerve fiber rises sharply
to reach +40 mV allowing the impulse to conduct down the nerve fiber.
A series of action potentials allows the electrical impulse to propagate
down the nerve. Under conditions of pathophysiology such as diabetic
polyneuropathy, varying degrees of nerve conduction changes appear in
the early asymptomatic stage (Erdogan et al., 2011). Electrophysiolog-
ical abnormality as manifested by abnormal nerve conduction signal
parameters i.e., conduction velocity vs. amplitude of the compound
action potential is a hallmark of diabetic polyneuropathy. In db/db
mice, weakening of compound motor action potential (CMAP) in the
hind paw has been reported in response to stimulation of sciatic nerves
(Heise et al., 2012). Analytically, nerve conduction studies are
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performed by applying depolarizing square wave electrical pulses to the
skin over a peripheral nerve. Such exogenous supraphysiological stim-
ulation generates sensory nerve action potential that is recorded at a
point further along that nerve.

The diagnosis of structural damage in neuropathy can be classified
into two broad groups — (a) quantitative sensory testing and (b) imaging.
Quantitative sensory testing, also referred to as nerve conductivity study
(NCS) performed via Semmes-Weinstein monofilament (SWM) or
pressure-specified sensory device (PSSD), is subjective and influenced
by various attributes such as location of damage, body fat, skin surface
preparation and does not provide sufficient resolution to detect early
onset of polyneuropathy (Zhang et al., 2014). Although often combined
with electromyography (EMG) that uses global response to detect
localized defects in a nerve, such NCS technique has poor reproducibility
and sensitivity to small structural damage. Imaging methods to detect
structural damage in nerve fibers include ultrasound (US) imaging and
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confocal microscopy. Among the two imaging methods, US imaging
offers a non-invasive point of care approach with little or no patient
education required prior to testing. Despite this advantage, US imaging
suffers from poor resolution and cannot detect damage to small nerve
fibers that are essential to detect the onset of peripheral neuropathy.
Confocal imaging performed with molecular probes, is inapplicable at a
point-of-care setting, and hence cannot be employed to routinely detect
the onset, progression and repair of peripheral neuropathy (De Gregorio
etal., 2018; Ruhdorfer et al., 2015). Nerve-interfacing electrodes such as
the microelectrode array, flat interface nerve electrode and electro-
physiology electrodes directly penetrate the nerve and result in tissue
damage, repair and regeneration before being ready for use. In long term
clinical studies, it is established that electrical signal attenuates over
time and hence cannot be used in a longitudinal study for the detection
of onset and progression of neuropathy (Gallardo et al., 2015; Ker-
asnoudis et al., 2015; Christensen et al., 2014). With estimates of about
5-10% of the general population and 50% of diabetics suffering from
some form of neuropathy (retinal, peripheral) it is imperative to develop
broadly applicable techniques that can detect damages to peripheral
nerves to aid with early treatment and the discovery of novel thera-
peutics (Alshelh et al., 2016). The technical challenges in direct mea-
surement of neuronal currents are due to the low power and high
frequency structural components that attenuate rapidly within few 10s
of microns. As discussed earlier, direct contact poses challenges due to
tissue injury and immediacy of performing these measurements. Thus,
any neuronal sensing framework should meet these contradicting re-
quirements and provide high precision temporally accurate signal that
mimics the action potential traveling through the nerve.

In this report, we demonstrate a sensing framework based on a three-
terminal circuit where ionic currents between the input terminal and
reference electrode affects redox current in a partially reduced con-
ducting polymer used as the output terminal. This framework allows for
measuring very small perturbations in the input terminal as a chro-
noamperometric response in the output terminal coupled by ionic
capacitance of the volume enclosed between the three electrodes. By
adjusting the geometrical attributes of the electrodes, ionic composition
of the volume and capacitance of the conducting polymer in the output
terminal, the coupling between the input and output terminal can be
tailored to meet specified sensitivity, detection limit and spatial
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constraint. Owing to its structural resemblance to synaptic junctions, we
refer to this architecture as a synaptic transistor, input and output ter-
minals as pre-synaptic and post-synaptic terminals, and the volume
enclosed between the electrodes as synaptic transistor cleft. For in vivo
applications, the tissue under observation will become the pre-synaptic
terminal and the chemoelectrical perturbations in the tissue will be pre-
synaptic voltage and currents. The arrangement of components in the
synaptic transistor and its application for in vivo sensing is shown in
Fig. 1 (A-C). Our implementation of the synaptic transistor in this article
uses conducting polymer electrodes for both the pre- and post-synaptic
terminals as shown in Fig. 1A. A small voltage signal in the pre-synaptic
electrode results in a current in the post-synaptic conducting polymer
held at its partially reduced state. The post-synaptic current is observed
due to the rapid ingress/egress of ions into/out of the conducting
polymer to maintain electrochemical equilibrium with its environment.
Owing to the properties of the synaptic transistor and partially reduced
state of the post-synaptic terminal, we demonstrate the feasibility to
detect cation concentration changes at a high bandwidth. (Fig. 1A, or-
ange curve). A detailed physics of operation of this sensor is provided in
SI 1.1. If this post-synaptic electrode is placed in vivo, the compound
action potential passing through the sciatic nerve in response to a
thermomechanical stimulus becomes the pre-synaptic input and the
corresponding current in the conducting polymer electrode becomes the
post-synaptic activity.

2. Experimental section

The conducting polymer used in this work is polypyrrole-doped with
dodecylbenzenesulfonate due to its electronic-ionic coupling and
biocompatibility (Gallego-Perez, 2017; Gupta et al., 2020). The polymer
is formed on a 25 pm platinum wire and a 250 pm chloride silver wire
reference electrode (Fig. 1B) is used as the quasi reference counter
electrode (QRCE) for the construction of the synaptic transistor (Details
on fabrication can be found in SI section 1.2). The synaptic transistor is
enclosed in a 14G catheter and inserted obliquely at the back of the thigh
(upper one-third region) parallel to the femur via hamstring muscles
(approximately 5 mm above the knee) to reach a location proximate to
the sciatic nerve. This choice was guided by the anatomical and tech-
nical challenges in precise repeated sensor placement over the
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Fig. 1. The architecture for a synthetic synaptic transistor (shown in A) comprises of two identical conducting polymer electrodes (B) and a shared quasi counter
reference electrode. The included volume between the three electrodes is analogous to a synaptic cleft and pre-synaptic stimulus (Vpre) causes a change to its ionic
composition due to Ipre. The post-synaptic conducting polymer is held at a partially reduced state (Vpost = —400 mV) and change in post-synaptic current (Ipost) is a
function of pre-synaptic stimulus magnitude and pre-synaptic membrane capacitance. The post-synaptic terminals are placed proximate to a nerve to form an ad hoc
synaptic junction and is excitable due to neuronal communication(C). The measured Ipost (shown in D) is correlated to the neuronal communication and becomes a

direct measure of sensitivity or lack thereof to touch.
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approximate lifetime of the animal and the duration of this study. Sciatic
nerve originates from lumbosacral region and extends to popliteal fossa
and is widely selected to study the peripheral nerve injury and regen-
eration in animals (Bala et al., 2014). In this region, the span of the
sciatic nerve is relatively superficial and can be easily accessed without
damage to the muscle or surrounding structures. Alternatively, survival
surgeries to access murine sciatic nerve at or above the gluteal region
carry the risk of injury to deep structures and pelvic organs during
repeated sensor reinsertions over the lifetime of the animal. Similarly,
inserting the sensor via cannula at the level of popliteal fossa where
sciatic nerve bifurcates into tibial and common peripheral nerves carries
the risk of nerve injury due to the minimum muscle mass.

We should note that if one of the sensor electrodes touches the nerve,
it leads to an electrical short leading to no signal. Presence/absence of
this short can be confirmed using cyclic voltammetry (SI Fig. 12).

The sensor can be placed anywhere along the length of the sciatic
nerve without affecting the measurements. This proximate arrangement
of the sensor and the nerve leads to the formation of an ad hoc synaptic
junction, where the compound action potential transmitted through the
sciatic nerve in response to gentle touch forms the pre-synaptic input
and the electrical current generated between PPy(DBS) and Ag/AgCl
forms the post-synaptic output. The sensor placement is non-invasive to
the nerve and allows the nerve to grow and mature following its normal
course unlike contemporary methods that pierce into the tissue to
interface with neurons (Cui et al., 2001; Malik, 2014; Tyler and Durand,
2003). The ionic coupling formed between the nerve, PPy(DBS) and the
counter electrode resembles axoaxonic synaptic junction where one
nerve terminal couples with the axon of another nerve to branch out a
nerve signal (Cui et al., 2003). This sensing paradigm can be applied to
any location to detect neuronal activity and does not require invasive
physical contact with the neuron unlike all known neuronal sensors.
Thus, the sensor detects as soon as the ad hoc synaptic junction is
formed, and post-synaptic electrodes equilibrated in its environment
(approximately 90-120 s to detect neuronal stimulation). A typical
post-synaptic activity in diabetic db/db mice as measured by the syn-
aptic transistor sensor in response to the same pre-synaptic input
showed a slower and broader temporal resolution in post-synaptic ac-
tivity in comparison to its non-diabetic littermate control (m"/db)
(Fig. 1D). The differences in temporal resolution is attributed to the
kinetics of ion transport exchanged between the pre-synaptic (nerve)
and post-synaptic (sensor) electrodes to support signal conduction
through the nerve.

Faster signal conduction in a nerve is facilitated by hopping of ions
(saltatory conduction) between Nodes of Ranvier (Luan et al., 2017). As
the electrical impulse travels along the length of the sciatic nerve,
enclosing bundle of axons, depolarization and repolarization of axons
carries with it the resistive and capacitive electrical properties of the
membranes encapsulating the axons. Myelin sheath, a fatty insulative
layer on axons, facilitates quicker signal conduction by preventing
current leakage as the signal travels only between Nodes of Ranvier. As
the axons get demyelinated (capacitance increases), the saltatory con-
duction (ion hopping between Nodes of Ranvier) is impeded since the
ionic current will require to travel more distance instead of utilizing the
hopping sites. Prior electrophysiology studies have demonstrated an
inverse relationship of specific nerve membrane capacitance to speed of
conduction of electrical signals in neurons (Schmitz et al., 2001;
Hodgkin and Huxley, 1952). Our simulation results of the synaptic
transistor corroborate the same finding where we observed the depen-
dence of temporal dynamics of post-synaptic current on capacitance of
the pre-synaptic membrane. In this animal study, the sciatic nerve acts
as the pre-synaptic membrane whereas the synaptic transistor sensor
functions as the post-synaptic membrane and damage to the nerve’s
electrical properties, due to underlying neuropathic damage, is moni-
tored using the temporal response of post-synaptic currents. Hence, by
observing the temporal response of ionic current as sensed by the syn-
aptic transistor sensor (depolarization time of post-synaptic currents;

Biosensors and Bioelectronics 169 (2020) 112618

tpp) and utilizing tpp as a metric to detect the onset and progression of
neuropathy, we were able to detect lowering of NCV in diabetic popu-
lation as they progressively aged from week 7 to week 30.

3. Results and discussion
3.1. Synaptic transistor — characterization

We present a detailed characterization of the synthetic synaptic
transistor to interpret current data from the post-synaptic circuit of the
ad hoc synaptic junction formed around a nerve. The synthetic synaptic
transistor is a three-electrode device (Fig. 1A) where PPy(DBS) elec-
trodes and Ag/AgCl QRCE form the pre-synaptic and post-synaptic ter-
minals. The stimulus to pre-synaptic terminal is varied between
—100mV to +100 mV to vary the ionic composition of the synaptic cleft.
The conducting polymer is held at x% of AVgo (= — 400mV) and re-
sponds to charge injection by the pre-synaptic terminal in the synaptic
cleft. A typical post-synaptic response is shown (Fig. 1A) for a pre-
synaptic stimulus of —50mV. We observe typical action potential attri-
butes such as depolarization, hyperpolarization, and equilibration in the
post-synaptic activity of the synthetic synaptic transistor. While
different origins underlie the mechanism in the post synaptic terminal
that leads to this response (as explained in SI), it is structurally similar
and allows neuroscientists to interpret it much the same way as an action
potential of neuronal origin. Owing to this similarity, we model the pre
and post-synaptic circuits using FitzHugh-Nagumo (FHN) model
(Fig. 2A). (Gentet et al., 2000; Waxman, 1980; Jacquir et al., 2006) The
electrical equivalents (R, Z and L) are calculated following the descrip-
tion in SI (section 1.4.1) and the capacitance of the pre-synaptic PPy
(DBS) is calculated from the filling efficiency (Kudryashov et al., 2018;
Kumar et al., 2018). The cation egress (or) ingress from/into the cleft
becomes an input to the post-synaptic circuit in addition to the
post-synaptic potential (Vpos). This pre-synaptic stimulus is converted
into an equivalent electrical potential (Fig. 2C) using Gouy-Chapman
model following the calculations shown in SI (section 1.4.2). The in-
puts together generate the post-synaptic activity and the model is cali-
brated to predict ionic conductance, depolarization and
hyperpolarization current as a function of pre-synaptic stimulus
(Fig. 2E). We also introduce synaptic efficiency (Fig. 2B) as a metric that
indicates the strength of coupling between pre-synaptic and
post-synaptic terminals as a ratio between the charge released by the
pre-synaptic terminal and uptake by the post-synaptic terminal. We note
that the synaptic efficiency averages between 36-40% and we note that
future designs of the synaptic transistor can optimize the synaptic cleft
volume to electrode area ratio to maximize this metric. The relationship
between nerve membrane capacitance and the conduction velocity
along its axon is known to have an inverse relationship (Northcutt and
Sundaresan, 2015). Hence a parametric analysis was performed on the
model to study the effect of pre-synaptic membrane capacitance (Cpre)
on the post-synaptic current response. Simulation results from the model
demonstrated that increasing Cpre lead to a slower release/intake of
cations in the cleft, which affected the post-synaptic stimulus and its rate
(see Fig. 2D right; where the black line with stimulus rate of 0.27 V/s
corresponds to a membrane with Cpe ~ 48 pF and the grey line corre-
sponds to Cyre ~ 144 pF). This affects the temporal response of Ios as
can be observed in Fig. 2D (right-below). Notice a higher rise time
(depolarization time; tpp) for the membrane with higher capacitance.
The rise time (tpp) of post-synaptic current was noted for various Cpre
values. A direct non-linear relationship between tpp and Cy was
observed as summarized and shown in Fig. 2F. Thus, we establish the
physics of operation of the synaptic transistor for neuronal sensing and
use the temporal dynamics of post synaptic element in our longitudinal
study to determine the onset, progression and loss of sensitivity in dia-
betic mice.
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Fig. 2. The synaptic transistor is modeled as a pre-synaptic and post-synaptic neuron as shown in the equivalent circuit diagram (A). The plot (B) shows the synaptic
efficiency that couples the pre and post-synaptic elements in the synaptic transistor. The pre-synaptic stimulus and current as observed from experimental data and its
comparison to FHN model is shown in (C) (left) for pre-synaptic circuit. The post-synaptic stimulus due to pre-synaptic ion ingress into the cleft is shown in (C) (right)
with the post-synaptic activity. The dependence of post-synaptic activity on magnitude and conduction velocity in the pre-synaptic neuron is shown in Figure (D)
followed by the comparison of model and experimental data for various magnitudes of pulse stimulation (E) (left) and as a result conductance metric of post-synaptic
membrane as a function of pre-synaptic stimulus is shown on (right). The plot (F) shows the dependence of depolarization time (tpp) with stimulus rate and
capacitance of pre-synaptic membrane where tpp increases with increasing capacitance of the pre-synaptic membrane and decreasing rate of stimulus in synaptic

transistor cleft.

3.2. Animal testing - longitudinal study design and detection of onset and
progression

We designed an in vivo longitudinal study to determine the nerve
conduction velocity of two animal cohorts with m™/db and db/db
lineage. No statistical methods were used to predetermine sample size.
The animals were tagged and grouped randomly using a computer-based
algorithm (www.random.org) and both footpads of each group were
monitored every 4 weeks. Details on longitudinal study design and an-
imal protocols and lineage can be found in SI (section 2.1 & 2.2). Post-
anesthetization of animals with isoflurane, a 14G needle-catheter was
inserted intramuscularly in the dorsal side of the hind limb in such a way
that the catheter was in close proximity to the sciatic nerve. The needle
was withdrawn leaving the catheter in place for a ~1 mm synaptic
transistor sensor to insert through it. Placement of the transistor sensor
in vicinity of the nerve was confirmed by cyclic voltammetry (SI Fig. 12)
and ultrasound images of the mice post insertion of the catheter (SI
Fig. 13). (Venugopal et al., 2014) These surgical procedures were
scheduled such that the same limb of any animal doesn’t undergo needle
insertion more than once a month. The animals were allowed to recover
fully from anesthesia. No complications at the site of catheter insertion
or abnormality in gait were observed throughout the study period. In
each experimental procedure, the anesthetized mice were electrically
grounded on a temperature regulated (37°C) base plate and were
thermo-mechanically stimulated utilizing metallic forceps on their
footpads once the synaptic transistor sensor was at a steady state.
Thermal maps of the mice (Fig. 3A) helped keep track of the temperature

during mechanical stimulation. Post-synaptic activity resulting from
stimulating the footpads at normal body temperature and in a hypo-
thermic state for m"/db and db/db at 12 weeks of age is shown in the
inset of Fig. 3A. For stimulation at body temperature, the mouse footpad
was gently touched with forceps while its temperature was maintained
globally at 37°C using the base plate. For hypothermic stimulation,
footpads were initially numbed with ice for 20 s, resulting in a tem-
perature drop to ~10°C, following which the footpads were mechani-
cally stimulated. Fig. 3B summarizes the average tpp of post-synaptic
current responses recorded from both groups (m'/db:n=9; db/db:
n=38) in response to thermomechanical stimulation of the footpads as a
function of their age. The db/db cohort shows a higher tpp in comparison
to m*/db as early as week 7 and this pattern progressively increases
with age. It can also be observed from the right-hand y-axis that the
population response progressively decreases in the db/db cohort with
age while the same cannot be said for the m*/db cohort. A complete
absence of post-synaptic activity in response to pre-synaptic stimulus
was noted in a subset of animals in the db/db cohort over time which led
to a global decrease in population response. This absence of activity
maybe secondary to axonapathy. Diabetic mice develop neuropathy that
causes lower NCV over time due to demyelination or become numb to
touch altogether likely due to axonapathy. Hence, the key differences
observed in tpp of post-synaptic responses recorded by transistor sensor
from m*/db and db/db groups is (i) higher tpp for responses recorded
from db/db than from m*/db; (ii) Post-synaptic responses recorded at
hypothermic state have a higher tpp (~ 4 times) compared to their ac-
tivity at body temperature ~37°C (waveform progression or a m*/db
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Fig. 3. Progression of neuropathy in m*/db and db/db mice utilizing synaptic transistor sensor in response to thermomechanical stimulation. (A) Thermal maps of
mice at normal body temperature (top) and hypothermia (bottom) prior to mechanical stimulation. The corresponding post-synaptic activity in response to the
stimulation is shown for both mice types at normal body temperature and hypothermic states are shown in the insets. (B) Average response of progression of nerve
conductivity with age for both mice types at ~ 37°C (top left for left footpad and top right for right footpad). Similarly, average response of progression of nerve
conductivity with age for both mice types at ~ 10°C is shown in bottom left for left footpad and bottom right for right footpad. (C) Scanning electron micrograph

images of sciatic nerve cross-sections of m"/db (top) and db/db (bottom).

and db/db animal from week 7-24 at both temperature states is shown
in SI Fig. 16). At low temperatures, the kinetics of ion transport are slow
in the bloodstream which generally lowers NCV and this is reflected in
the broad temporal response of post-synaptic currents.

To elucidate the nerve damage visually, scanning electron micro-
graph images of the sciatic nerve for both groups were captured (Fig. 3C)
and compared. It can be observed that the myelin layer thickness (shown
in dotted line) is smaller for db/db (bottom) as compared to m"/db
(top). The relationship between axonal diameter and myelin thickness is
known to reflect NCV along an axon (Waxman, 1980). The SEM images
of the sciatic nerve in diabetic mice revealed thin disrupted myelin
sheath and decompaction that is in line with the loss of sensitivity and
broad post-synaptic current responses as detected by the ad hoc tran-
sistor sensors.

Signal attributes of the data collected in the study were integrated
into a machine learning framework to develop a polyneuropathy
detection model. To develop this model, logistic regression and machine
learning concepts were utilized and a probability of neuropathy algo-
rithm was generated. Classification of neuropathy between the subjects
(m*/db and db/db) is done by utilizing the sigmoid function, a special
case of logistic function. The goals of the model are to successfully
identify subjects with neuropathy and subjects without neuropathy and
determine a probability estimate of developing neuropathy over time in
each group. Classification of neuropathy in subjects is based on the
probability estimate as a threshold, where any subject predicted to have
a probability estimate higher than 0.5 is classified as having developed
neuropathy for the purpose of training the machine learning (ML)
neuropathy model. Upon completion of algorithm training, the opti-
mized weights associated with the input parameters were determined
utilizing gradient descent. Determined weights 0,601,602, help locate the
decision boundary to differentiate between the two types of subjects as

shown in Fig. 4A. Further details pertaining to the training of the al-
gorithm and determination of the decision boundary are outlined in SI.
Electrophysiology data from footpads at body temperature (~37°C) as
acquired at weeks 7 and 9 was used to train the model. A 95% confi-
dence interval of the input parameters (tpp and tpp grp) was chosen to
account for flutter in the data. Utilizing the weights obtained by training
the logistic regression neuropathy model, a decision boundary was
generated (equation shown below Fig. 4C). The algorithm was tested on
data collected from footpads at ~ 37°C during week 12, week 16 and
week 20 from both groups. The algorithm is observed to be predictive,
with an average accuracy above 90% (Fig. 4B).

4. Conclusion

We have demonstrated a synaptic transistor-based sensor framework
that can be broadly applied in vivo for detecting temporal variations of
cation fluxes and correlate the measured response to the underlying
electrophysiological (or) biophysical process. In this work, we demon-
strate the viability of PPy(DBS) based sensor to detect underlying
neuronal conduction and correlate it to the progression of poly-
neuropathy in diabetic mice. While we note that the measured response
is not directly the underlying action potential, the readout is an
averaged-out response that resembles nerve action potential and allows
us to quantify the progressive deterioration of signal conduction in the
sciatic nerve. In addition, we demonstrate the procedure required to
precisely fabricate the sensor with controlled chemo physical (charge
density, filling efficiency) and geometrical properties to perform an in
vivo longitudinal study. The mathematical model developed to under-
stand synaptic coupling for the synaptic transistor provides the guidance
required for designing sensors that can be applied to a wide variety of
electrophysiology measurements for research and clinical diagnostics.
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Fig. 4. Probability of neuropathy algorithm (A) Training of the algorithm (top) utilizing week 7 and week 9 data of footpad responses at normal temperature from
both groups to locate the decision boundary; testing of the algorithm (bottom) against similar data collected at week 12, week 16 and week 20. (B) Accuracy of
algorithm for the train and test data set (right); typical footpad responses recorded at normal temperature from both groups (left). (C) Determination of probability

estimate of developing neuropathy over time in each group.
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